Topological defects in ultrathin layers are often formed during synthesis and processing, thereby, strongly influencing their electronic properties . In this paper, we investigate the role of Stone-Wales (SW) defects in modifying the electronic properties of the monolayers of Sn and group-V elements. The calculated results find the electronic properties of stanene (monolayer of Sn atoms) to be strongly dependent on the concentration of SW-defects e.g., defective stanene has nearly zero band gap (≈ 0.03 eV) for the defect concentration of 2.2 x 10 13 cm -2 which opens up to 0.2 eV for the defect concentration of 3.7 x 10 13 cm -2 . In contrast, SW-defects appear to induce conduction states in the semiconducting monolayers of group-V elements. These conduction states act as channels for electron tunnelling, and the calculated tunnelling characteristics show the highest differential conductance for the negative bias with the asymmetric current-voltage characteristics. On the other hand, the highest differential conductance was found for the positive bias in stanene. Simulated STM topographical images of stanene and group-V monolayers show distinctly different features in terms of their crosssectional views and distance-height profiles which can serve as fingerprints to identify the topological defects in the monolayers of group-IV and group-V elements in experiments.
Introduction
Due to outstanding properties and potential applications, atomically thin two-dimensional (2D) materials have received a great deal of attention in recent years [1] [2] [3] . Multilayer stanene that has been synthesized in a hexagonal lattice [4] [5] , crystallizes in a buckled structure with topological insulator properties [6] [7] [8] . Similarly, the group-V monolayers have gained particular attention [9] [10] [11] [12] [13] [14] ; e.g., arsenene, an atomic layer of As atoms, exhibits four different phases that switch into a topological insulator by an external electric field [15] [16] ; multilayer Sb shows a higher stability in β-phase [17] among the theoretically predicted four different phases [18] [19] ; 2D monolayer of Bi i.e. bismuthene, can be fabricated on a graphene substrate [20] with electronic structure that strongly depends on the spin-orbit coupling (SOC) factors [21] [22] .
2D materials are found to possess the so-called topological defects which appear due to regrouping of interatomic bonds without forming vacancies and /or addition of foreign impurity atoms, the simplest of such defect is Stone-Wales (SW) defect [23] [24] [25] [26] [27] . It has also been found that the energy barrier for the formation of SW-defects in buckled structures is lower than in graphene-like planner structures [28] [29] . Moreover, SW-defects are found to be preferential adsorption centres for chemical functionalization [30] . SW-defects have also been observed in the atomic monolayers other than graphene [31] [32] [33] [34] [35] .
In order to examine such topological defects in 2D materials, transmission electron microscope (TEM) [24] and scanning tunnelling microscope (STM) [36] are the commonly used experimental techniques. These techniques need to be supplemented with theory which provides an insight into origin and evolution of such defects [37] [38] . One of the most useful formulations to describe tunnelling phenomenon in STM was proposed by Tersoff and Hamann [39] [40] which uses Bardeen expression to calculate tunnelling current [41] . The wave function associated with the tip is assumed to be spherically symmetric (s-wave character) and tunnelling current can be calculated as convolution of local density of states (LDOS) of the tip and sample. LDOS in vacuum in terms of the LDOS of sample can be described by the Lang's approximation [42] where wave function in vacuum is allowed to decay exponentially.
The Bardeen, Tersoff and Hamann (BTH) model uses first-order perturbation theory to calculate tunnelling current that allows imaging of surface at atomic resolution [39] [40] . The tunnelling characteristics using the BTH formalism have been successfully investigated previously for a wide variety of nanomaterials [38, [43] [44] [45] . In the present study, the BTH formalism together with density functional theory method have been used to investigate the current-voltage (I-V) characteristics and topography of SW-defects, in stanene and group-V monolayers. It has been found that SW-defects significantly alter the electronic structure and hence, the tunnelling characteristics of considered systems.
Computational Details
Electronic structure calculations were performed using density functional theory (DFT) as implemented in Vienna ab-initio simulation package (VASP) [46] . Generalized gradient approximation (GGA) within Perdew-Burke-Ernzerhof (PBE) parameterization is used to describe exchange-correlation functional. The van der Waals (vdW) interactions have been incorporated in the calculations by adding semi-empirical potential to the conventional KohnSham DFT energy by using DFT-D2 method of Grimme [47] . We have also included the spinorbit coupling (SOC) effects in our calculations as these were found to be important to describe electronic structure of considered systems [12, 15, [21] [22] . A cut-off energy of 400 eV for the plane wave basis set and a Monkhorst-Pack mesh of (7 x 7 x 1) for Brillouin zone integration were employed. A 15 Å vacuum region in a (5 x 5 x 1) hexagonal supercell along z-direction ensures the modelling of a 2D material. All the structures are fully relaxed, with residual forces smaller than 0.01 eV/Å on each atom. Calculations were performed with varying SW-defect concentrations in the monolayers represented by the (5x5) and (6x6) periodic supercells,
Results and Discussion
The group-V elements exhibit variety of stable allotropic forms [15] [16] [17] [18] [19] , though the graphene-like structure for group-V monolayers was considered. Table 1 Table 1 ]. Negative value of cohesive energy ( ℎ ) indicates the stability of given monolayers [48] . Note that the cohesive energy was obtained as:
where ET is the total energy of a supercell simulating a monolayer, is the energy of a free atom and n is the total number of atoms in a monolayer.
SW-defects in the monolayers of group-IV and group-V elements show distinctly different atomic reconstructions at the defective sites; e.g., in stanene, the dimer connecting the two pentagons through heptagon shows strong out-of-plan displacement of atoms as compared to antimonene ( Figure 1 ). The relative formation energy ( ) of defective monolayers decreases down the group from phosphorene (1.60 eV) to bismuthene (0.91 eV) [ Table 1 ]. Note that was calculated as difference between the total energy of SW-defective and pristine monolayers.
Formation energy of pristine monolayers is taken to be 0 eV as the reference energy. The monolayers which are energetically most stable have less tendency to form SW-defects and vice versa. of defective stanene is found to be dependent on the defect concentration, e.g., changes from 1.05 eV to 1.27 eV as we decrease the defect concentration. On the other [34] hand, both relative formation energy and cohesive energy of defective group-V monolayers remain nearly the same on varying the defect concentration [ Table 1 ].
Electronic Structure
Pristine stanene shows a strong spin-orbit coupling (SOC) effect which induces a band gap of 0.07 eV by opening the Dirac-like cone at K-point [ Figure 2 ]. Single SW-defect in the (5x5) supercell of stanene with the defect concentrations of 2.2 x 10 13 cm -2 introduces a band gap of 0.2
eV. An opening of the gap due to SW-defect is consistent with the previous theoretical studies performed on other group-IV monolayers such as silicene and germanene [2, 38] . Both valance band maximum (VBM) and conduction band minimum (CBM) are mainly composed of the outof-plan p-orbitals.
On the other hand, an inclusion of the SOC effects in calculations find the group-V monolayers to be indirect band gap semiconductors [ Table 1 ]. VBM mainly consists of the mixture of in-plan and out-of-plan p-orbitals while CBM is dominated by out-of-plan p-orbitals [ Figure 2 ]. SW-defects introduce energy levels within the conduction band region that result into a reduction of band gap in defective monolayers. The defect energy levels mainly consist of pz-orbitals of phosphorus atoms at the defective site. The valance bands near Fermi energy in the group-V monolayers show splitting due to the SOC effect. The splitting of bands increases in going from arsenene to bismuthene.
The electronic structure of the defective stanene is found to be sensitive to the defect concentration e.g., the band gap of the monolayer with SW-defect concentration of 2.2 x 10 13 cm -2 is calculated to be 0.03 eV that changes to 0.2 eV for the defect concentration of 3.7 x 10 13 cm -2 . On the other hand, the band gap of the group-V monolayers remain almost unchanged with the defect concentration in the monolayers [ Table 1 ]; e.g., on increasing the concentration of single SW-defect from 4.4 x 10 13 cm -2 to 6.8 x 10 13 cm -2 in phosphorene, the band gap value shows very small change from 1.58 eV to 1.53 eV. Note that the hexagonal supercell results in the band edges i.e. VBM and CBM, at K-for the (5x5) supercell case and at Γ-point for the (6x6) supercell case, that may result in different band dispersions for temporarily ordered defect configuration [28] . However, the value of the band gap remains the same irrespective of the position of band edges in the given monolayers.
Tunnelling Characteristics
To study the tunnelling characteristics of the monolayers considered, we have used STMlike setup as shown in Figure 3 (a). The 13 cluster is used to model the cap of the tip configuration in the STM setup. We use the BTH formalism to calculate electron tunnelling current [49] which is given by equation (1).
Here, and are projected density of states (PDOS) of the sample (monolayer) and the tip The bias induced changes in the sample's DOS, which only appear at high enough applied bias [49] [50] , are not shown in the present study. Note that the BTH formalism is only applicable for small bias voltage ( ), << , where is workfunction of the tip. Considering the average work function of metal, ~ 4 eV, the bias voltage limit ± 2 V is typically useful in the BTH formalism [51] .
In order to understand the calculated tunnelling characteristics of the monolayers considered, we compared the DOS of sample (monolayer) and tip ( On the other hand, the pristine group-V monolayers show a semiconducting behaviour.
At higher positive bias in the defective group-V monolayers, the magnitude of the tunnelling current increases which is attributed to the available conduction channels facilitated by SWinduced electronic states near the Fermi level. Negative differential conductance (NDC) regions are also found at higher bias [ Figure 3 (c)] which may be attributed to the less number of available conduction channels to tunnel electrons in these systems. It is underlined that the choice of the tip-sample separation, which is taken to be 5 Å in our calculations, will affect only the magnitude of tunnelling current whereas the features of tunnelling spectra of considered systems remain the same [45, 49] .
Simulated STM Images and Distance-Height Profiles
The STM topographical images can be obtained by applying a small bias voltage (V)
between the sample and the tip that produces a tunnelling current whose density, j(r), is the simple extension [52] of the expression derived by Tersoff and Hamann [39] [40] .
where
and (4) where ( , ) is local density of states of the tip at and , are the Kohn-Sham eigenstates obtained using density functional theory. Equation (3) describes the tunnelling from the occupied states of a sample to the tip. It is important to emphasize here that for the calculations of STM images, the tip states have been described by s-wave with constant density of states. The tunnelling matrix elements are considered to be independent of the lateral position of the tip for concludes that, considering the topography of defected monolayer, STM may be useful to distinguish between SW-defects in the monolayers of group-IV and group-V elements.
Summary
In summary, first principles calculations based on density functional theory are performed to investigate the Stone-Wales defects in monolayers of stanene and group-V elements. Stanene prefers the low-buckled honeycomb structures while the group-V monolayers prefer the high-buckled structures in their equilibrium configurations. The SOC effect induces ~ 70 meV band gap in stanene by opening up Dirac-cone whereas the band gaps of arsenene, antimonene and bismuthene are reduced by lifting the degeneracy at the valance band maximum.
At very low bias, both pristine-and defective-stanene show ohmic current-voltage characteristics, while the group-V monolayers show zero tunnelling current. On increasing the bias voltage, for the defective group-V monolayers, the tunnelling current increases due to available defect-induced conduction channels. Since SW defect-sites can be identified using simulated STM images by scanning the distance-height profile, the present study may guide experimentalist in performing the STM measurements of defective monolayers.
